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Gene Profiling of Narrowband UVB–Induced Skin
Injury Defines Cellular and Molecular Innate Immune
Responses
Mile`ne Kennedy Crispin1,3, Judilyn Fuentes-Duculan1,3, Nicholas Gulati1, Leanne M. Johnson-Huang1,
Tim Lentini1, Mary Sullivan-Whalen1, Patricia Gilleaudeau1, Inna Cueto1, Mayte Sua´rez-Farin˜as1,2,
Michelle A. Lowes1 and James G. Krueger1
The acute response of human skin to UVB radiation has not been fully characterized. We sought to define the
cutaneous response at 24hours following narrowband UVB (NB-UVB, 312-nm peak), a therapeutically relevant
source of UVB, using transcriptional profiling, immunohistochemistry, and immunofluorescence. There were
1,522 unique differentially regulated genes, including upregulated genes encoding antimicrobial peptides (AMPs)
(S100A7, S100A12, human beta-defensin 2, and elafin), as well as neutrophil and monocyte/dendritic cell (DC)
chemoattractants (IL-8, CXCL1, CCL20, CCL2). Ingenuity pathway analysis demonstrated activation of innate
defense and early adaptive immune pathways. Immunohistochemistry confirmed increased epidermal staining
for AMPs (S100A7, S100A12, human beta-defensin 2, and elafin). Inflammatory myeloid CD11cþBDCA1 DCs
were increased in irradiated skin, which were immature as shown by minimal colocalization with DC-LAMP, and
coexpressed inflammatory markers tumor necrosis factor (TNF) and TNF–related apoptosis-inducing ligand in
irradiated skin. There were increased BDCA3þ DCs, a cross-presenting DC subtype with immunosuppressive
functions, and these cells have not been previously characterized as part of the response to UVB. These results
show that the acute response of human skin to erythemogenic doses of NB-UVB includes activation of innate
defense mechanisms, as well as early infiltration of multiple subtypes of inflammatory DCs, which could serve as
a link between innate and adaptive immunity.
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INTRODUCTION
The acute whole-tissue response of human skin to UVB has
not been well characterized. Past studies have examined only
the epidermal response to broadband UVB (Enk et al., 2004),
or the whole-tissue response to irradiation performed with
solar-simulated radiation (which combines UVA and UVB)
(Enk et al., 2004; Mouchet et al., 2010). We sought to define
the acute response of human skin to erythemogenic doses of
narrowband UVB (NB-UVB; 312-nm peak), a source of UVB
used in phototherapy, at 24 hours following exposure using
transcriptional profiling and immune cell characterization.
Depending on the level of exposure, the response of human
skin to UVB irradiation ranges from mild erythema and pain to
more extensive damage that includes apoptosis of keratino-
cytes (KCs) (‘‘sunburn cells’’) or extensive epidermal necrosis
and blistering. Larger exposures to UV light, therefore,
represent a form of epidermal wounding, which must engage
an appropriate wound repair response in order to restore the
epidermal barrier and protect against infection. Studies have
shown that UVB irradiation of human skin can upregulate
protective innate immune mechanisms, including antimicro-
bial peptides (AMPs) (S100A7, S100A8, RNase7, and human
beta-defensin) (Glaser et al., 2009; Lee et al., 2009), which are
chemotactic for neutrophils, dendritic cells (DCs), and macro-
phages, and provide direct protection against pathogens. KCs
are known to generate AMPs in response to mechanical
wounding (Sorensen et al., 2006; Kesting et al., 2010).
Prior murine studies have shown that acute UVB exposure
creates an immunosuppressive environment in irradiated skin
(Fisher and Kripke, 1977; Phan et al., 2006). Langerhans cells
(LC) are reduced by 50% after a single dose of 1.5 minimal
erythemal doses of UVB (Murphy et al., 1993), while at the
same time there is an accumulation of a poorly characterized
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‘‘UV-DC’’ population, that is HLA-DRþCD45þ (subset
CD36þ ) (Meunier et al., 1995). However, at the time of that
work, CD11c, which stained some cells in the UVB-induced
infiltrate, was considered to be an extended marker of
macrophages, and clear distinctions between dermal
macrophages and DC populations were lacking. It is now
recognized that CD11c is the most general marker of myeloid
DCs in human skin, with further subclassification of myeloid
DCs into specific subtypes (such as BDCA1/CD1cþ and
BDCA3/CD141þ ), with different states of maturity (e.g.,
having maturation markers DC-LAMP or DEC-205), as well
as inflammatory subsets (Zaba et al., 2007, 2009b). We have
previously reported that there is markedly decreased
epidermal staining for Langerin, a specific marker for LCs, in
irradiated versus nonirradiated samples (Kennedy-Crispin
et al., 2012). In this study, we further characterized the
effect of NB-UVB on cutaneous DC populations by a
combination of immunohistochemistry (IHC) and immuno-
fluorescence (IF) analysis for specific subsets.
Overall, we provide, to our knowledge, previously unre-
ported transcriptional profiling of full-thickness human skin
during the acute response to erythemogenic doses of NB-UVB.
We identified 1,522 unique differentially regulated genes
between irradiated and nonirradiated skin including many
immune-modulating cytokines, chemokines, AMPs, and leu-
kocyte surface markers. Using protein staining, we provided
further evidence of the early upregulation of AMPs in the
epidermis. We demonstrated that following NB-UVB irradia-
tion the mononuclear cell infiltrate included macrophages and
multiple subtypes of DCs including CD11cþ BDCA3þ cells,
a DC subtype that has not been previously identified in UVB-
irradiated skin and that has recently been shown to cause
immunosuppression (Chu et al., 2012). Our study shows that
the acute response of human skin to NB-UVB includes
upregulation of innate defense pathways and mobilization of
distinct DC subsets that may provide defense against
pathogens and ultimately restore cutaneous immunity.
RESULTS
Microarray profiling identifies UVB-responsive genes
Ten subjects with skin type II-III (Supplementary Table S1
online) were irradiated with 312-nm NB-UVB radiation
(Judson et al., 2010). NB-UVB was chosen, as it is used
therapeutically to treat chronic skin diseases, and an
erythemogenic dose was chosen as this level of NB-UVB is
known to induce ‘‘sunburn cells’’ in the epidermis (Coven
et al., 1997). A 24-hour time point was evaluated, as cellular
changes can be measured at this time after cutaneous injury
(Johnson-Huang et al., 2012). Punch biopsies (6 mm) of
irradiated and nonirradiated (protected from UVB) skin were
taken from each patient after 24 hours of NB-UVB exposure,
and RNA was extracted and hybridized to HG U133 plus 2.0
chips. In this analysis, 2,019 probe sets were identified,
encoding 1,522 unique differentially expressed genes (DEG)
between irradiated and nonirradiated samples (fold change
42, false discovery rate o0.01) (Supplementary Table S2
online). A selected list of inflammatory and immune-related
genes from 818 upregulated and 704 downregulated DEG is
presented in Table 1. The list of upregulated genes included a
large number of AMPs, cytokines, chemokines, and immune
cell markers, discussed further below.
Immunohistochemistry confirms the upregulation of AMPs in the
epidermis and dermis
According to our microarray analysis, NB-UVB induced
increased expression of many AMPs in human skin. Prior
in vivo studies of human skin have shown that broadband
UVB upregulates protein expression of some AMPs such as
S100A7 and HBD-2 several days following initial UVB
exposure (Glaser et al., 2009), but their expression during
the acute stage of inflammation following irradiation
(o24 hours) has not been defined. We performed IHC on
skin biopsies (n¼7–10) for differentially upregulated AMPs,
which included S100A7, S100A12, S100A8/9 (encodes
calprotectin), DEFB4 (encodes human beta-defensin 2
protein, HBD-2), and PI3 (encodes elafin protein).
Epidermal staining of S100A7 was increased following
irradiation compared with the nonirradiated skin
(Figure 1ai). Low-level expression of S100A7 was noted in
the epidermis of nonirradiated skin, whereas an increased
focal expression in the granular layer was observed in
irradiated skin. S100A12 was detectable in the epidermis in
nonirradiated skin, but an increased staining throughout the
entire epidermis, with a few dermal cells, was noted in
irradiated skin (Figure 1aii). Most patients demonstrated faint
expression of S100A8/9 in the epidermis of nonirradiated skin
(Figure 1aiii). Following irradiation, there was increased
dermal staining of S100A8/9, which may be due to neutro-
philic infiltration, as both proteins are produced by neutrophils
during acute inflammation (Ryckman et al., 2003). In
nonirradiated skin, HBD-2 was expressed in the epidermis
and concentrated more heavily in the upper granular layer.
Following irradiation, there was increased epidermal staining,
with the intensity more concentrated in the granular layer
(Figure 1aiv). Similarly, elafin staining was increased through-
out the epidermis and dermis of irradiated skin compared with
nonirradiated skin (Figure 1av). Therefore, in the acute
inflammatory phase following NB-UVB irradiation, there was
increased expression of S100A7, S100A12, HBD-2, and elafin
in the epidermis, and S100A8/9 also appeared to increase in
dermal cells.
Reverse transcriptase–PCR confirms DEGs in microarray
profiling
To confirm microarray findings, quantitative real-time reverse-
transcriptase–PCR (qRT-PCR) was performed on irradiated and
nonirradiated skin biopsies for several key chemokines
(Figure 1b, Table 1 for fold change and P-value). We have
previously published that NB-UVB increased CCL20 mRNA
and protein in this group of samples (Kennedy-Crispin et al.,
2012). In addition, CCL2, CXCL1, and IL-8 were significantly
upregulated in irradiated versus nonirradiated skin biopsies
(Po0.05 for all; Figure 1bi, ii, iii; Table 1). The expression of
IL-10 was also of interest, as IL-10 is known to be upregulated
acutely in response to UVB (Kang et al., 1994). Although
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microarray analysis did not detect differential expression of
this cytokine, which is often the case for low-expression trans-
cripts (Suarez-Farinas et al., 2010), IL-10 was upregulated in
irradiated skin by qRT-PCR (Po0.01) (Figure 1biv).
As we have reported earlier, there was no increase in T cells
in irradiated versus nonirradiated skin (Kennedy-Crispin et al.,
2012), and prior studies have shown that T-cell infiltration/
expansion does not occur until B48 hours after UVB
Table 1. Selected DEG for paired irradiated versus nonirradiated skin
Gene symbol/protein Description Gene chip FCH1,2 PCR FCH PCR P-value
MMP1 Matrix metallopeptidase 1 (interstitial collagenase) 149.3
DEFB4A/HBD2 Defensin, beta 4A 73.0
CXCL1 Chemokine (C–X–C motif) ligand 1 (melanoma growth
stimulating activity, alpha)
60.7 5.8 5.3 10 4
CCL20 Chemokine (C–C motif) ligand 20 52.2 8.33 2.6 10 3
PI3/Elafin Peptidase inhibitor 3, skin-derived 45.1
MMP3 Matrix metallopeptidase 3 (stromelysin 1, progelatinase) 44.6
CXCL2 Chemokine (C–X–C motif) ligand 2 35.9
IL-6 IL-6 33.5
S100A9 S100 calcium binding protein A9 28.7
CXCL3 Chemokine (C–X–C motif) ligand 3 26.5
IL-8 IL-8 24.4 10.5 2.7 10 4
S100A7 S100 calcium binding protein A7 14.4
CCL8 Chemokine (C–C motif) ligand 8 14.1
PTGS2 Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H
synthase and cyclooxygenase)
11.1
CCR1 Chemokine (C–C motif) receptor 1 10.9
CCL18 Chemokine (C–C motif) ligand 18 9.9
S100A8 S100 calcium binding protein A8 9.0
S100A12 S100 calcium binding protein A12 8.5
ICAM1 Intercellular adhesion molecule 1 6.7
KRT16 Keratin 16 6.0
CCL2 Chemokine (C–C motif) ligand 2 5.6 3.4 7.9 10¼ 3
IL-1B IL-1, beta 5.5
CD209 CD209 molecule 5.03
CD163 CD163 molecule 4.8
IL-4R IL-4 receptor 4.2
CCR7 Chemokine (C-C motif) receptor 7 3.7
IL-24 IL-24 3.6
CCR2 Chemokine (C–C) receptor 2 3.4
CD14 CD14 molecule 3.4
CCL22 Chemokine (C–C) ligand 22 3.3
TLR2 Toll-like receptor 2 2.9
CD83 CD83 molecule 2.8
S100A2 S100 calcium binding protein A2 2.6
IL-15 IL-15 2.1
CD207 CD207 molecule, langerin  9.8
CD1A CD1A molecule  7.7
IL-10 2.5 3.6 10 3
1FCH, fold change in gene expression from microarray data.
2False discovery rate o0.01 for all genes.
3Previously published (Kennedy-Crispin et al., 2012).
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irradiation (Di Nuzzo et al., 1998). Common T-cell cytokines
were measured, including IL-4, IL-5, IL-17, IL-22, TGF-b, and
IFN-g, and were not differentially expressed 24 hours after NB-
UVB irradiation (data not shown).
Ingenuity pathway analysis identified multiple significant innate
defense and early adaptive immune pathways
As microarray analysis identified over 1,500 DEG, ingenuity
pathway analysis (IPA) was conducted to elucidate the
immune pathways that were significant during acute NB-
UVB injury, shown in Supplementary Table S3 online
(Po0.05). As UVB causes cell death and DNA damage
(including the formation of pyrimidine dimers), it was not
surprising that Cell cycle and DNA repair, pyrimidine meta-
bolism, p53, and apoptosis signaling were activated. In
addition, melanocytes are known to upregulate their produc-
tion of melanin as a protective response to UVB exposure,
and, accordingly, the phenylalanine, tyrosine, and tryptophan
biosynthesis pathways were also significant. Innate immune-
protective pathways identified included acute-phase response
signaling, Toll-like receptor signaling, role of pattern recogni-
tion of bacteria and viruses, and IL-8 signaling. IL-10 signaling
was upregulated and, surprisingly, multiple IL-17 pathways
were activated even though IL-17 was not found to be
differentially expressed between irradiated and nonirradiated
samples as measured by microarray or reverse transcriptase–
PCR. Pathways of early activation of adaptive immunity
included DC maturation, communication between innate
and adaptive immune cells, and IL-2 signaling. Overall, IPA
identified pathways known to be associated with UV skin
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Figure 1. Differentially expressed antimicrobial peptides and chemokines were validated by immunohistochemistry or quantitative real-time reverse-
transcriptase–PCR (qRT-PCR). (a) Representative immunohistochemistry for (i) S100A7, (ii) S100A12, (iii) S100A8/9, (iv) HBD-2, and (v) elafin showed increased
S100A7, S100A12, HBD-2, and elafin staining in the epidermis and increased S100A8/9 and HBD-2 in the dermis of irradiated samples. Arrow indicates
(i) focal epidermal expression of S100A7 and (ii) S100A12þ dermal cell. (b) qRT-PCR using messenger RNA from paired nonirradiated and irradiated skin
(n¼ 9) showed increased expression of (i) CCL2, (ii) CXCL1, (iii) IL-8, and (iv) IL-10 in irradiated skin. All data were normalized to human acidic ribosomal
protein housekeeping gene. Error bars indicate SEM. I, irradiated skin; NI, nonirradiated skin. Bars¼100mm. **Po0.01, ***Po0.001.
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damage, as well as multiple innate and early adaptive immune
pathways.
Acute response to UVB includes distinct populations of DCs and
macrophages
Genomic markers of leukocyte lineage were increased
(CD209, CD163, CD14, and CD83) or decreased (CD207
and CD1A) by irradiation (Table 1; Supplementary Table S1
online). We have previously shown a decrease in Langerinþ
LCs in irradiated skin (Kennedy-Crispin et al., 2012). The acute
response to UVB was thought to include a monocytic infiltrate
composed largely of macrophages. It is now known that some
of these cells also express CD11c (Meunier et al., 1995), a
specific marker for dermal DCs in human skin. There was a 5-
fold increase in CD11cþ DCs in the dermis of irradiated skin
(Figure 2a and c, P¼0.002), and approximately a 2-fold
increase in CD163þ macrophages in the dermis (Figure 2b
and c, P¼ 0.006). The increase in the number of CD11cþ
cells in dermis versus epidermis is shown in Supplementary
Figure S1 online. As previously shown in normal skin, CD11c
and CD163 represent distinct dermal cell populations (Zaba
et al., 2007), which was confirmed by two-color IF with these
markers in irradiated skin (Figure 2d).
UVB-irradiated skin includes multiple myeloid DC subtypes,
including BDCA3þ DCs
As DCs elaborate inflammatory molecules that recruit T cells
to sites of inflammation and modulate T-cell responses
through direct communication, we next sought to further
define the myeloid DC subtypes that infiltrate the skin
following acute UVB exposure. There was an overall decrease
in dermal BDCA1þ cells (Figure 3a, P¼ 0.018), which is
consistent with the prior observation that resident dermal DCs
(CD11cþ BDCA1þ ) are depleted by UVB (Meunier et al.,
1995). We have previously defined inflammatory DCs as
CD11cþ BDCA1 cells on the basis of our studies in
psoriasis (Zaba et al., 2009b). One prior study showed that
the infiltrating CD11cþ cells in UVB-irradiated skin were
BDCA1 (Meunier et al., 1995). By CD11c and BDCA1 two-
color IF, almost all CD11cþ cells in nonirradiated skin cells
were BDCA1þ , whereas in irradiated skin most of the
CD11cþ cells were BDCA1 (Figure 3b). This demonstrated
that the majority of dermal cells in irradiated skin were
CD11cþ BDCA1 , most likely inflammatory DCs.
Since the identification of CD11cþBDCA1 DCs that
infiltrate the skin following UVB irradiation, additional DC
subtypes have been identified as BDCA3þ , but whether they
are involved in the response to UVB irradiation has not been
investigated. There was a 5-fold increase in BDCA3þ cells in
the dermis of irradiated skin (Figure 3c, P¼0.0005), similar to
the magnitude of increase in CD11cþ cells, but still lower in
number. To confirm that the BDCA3þ cells were DCs, we
costained CD11c with BDCA3 and found that most BDCA3þ
cells colocalized with CD11c in irradiated skin (Figure 3d). An
estimate of cells that may be more correctly considered
inflammatory myeloid DCs can be calculated by subtraction
of both BDCA-1þ and BDCA-3þ cells from CD11cþ cells, as
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Figure 2. Irradiated (I) skin contained increased CD11cþ dendritic cells and
CD163þ macrophages. Representative immunohistochemistry and cell counts
showed (a, c) increased CD11cþ dendritic cells and (b, c) increased CD163þ
macrophages in the dermis of irradiated skin compared with paired
nonirradiated (NI) skin. (d) There was no coexpression between CD11cþ
myeloid dendritic cells (red) and CD163þ macrophages (green) in irradiated
skin. Bar¼ 100mm. **Po0.01.
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Figure 3. CD11cþ BDCA1 and CD11cþ BDCA3þ dendritic cells (DCs) were increased in NB-UVB-irradiated (I) skin. Representative immunohistochemistry,
cell counts, and IF for DC surface markers CD11c, BDCA1, and BDCA3 in nonirradiated (NI) and irradiated (I) skin (n¼8–10) showed that (a) BDCA1þ
cells decreased 2-fold in I skin, with (b) decreased colocalization of CD11c and BDCA1 in I skin compared with NI skin. (c) BDCA3þ cells increased 4.5-fold.
(d) Most BDCA-3þ cells colocalized with CD11c in I skin (yellow cells), but there were many CD11cþ cells that did not colocalize with BDCA-3 (red cells).
(e) Inflammatory DCs (CD11cþ BDCA1 BDCA3 ) were elevated in I versus NI skin, as calculated by subtracting BDCA1þ and BDCA3þ cells from
CD11cþ cells. Bar¼ 100mm. *Po0.05, **Po0.01.
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we have calculated for psoriasis skin lesions (Zaba et al.,
2009a). By using this approach, it was found that there were
significantly elevated inflammatory myeloid DCs in irradiated
skin (P¼0.014) (Figure 3e). Hence, we show that irradiation
increased BDCA3þ DCs, a subset of CD11cþ myeloid DCs,
as well as inflammatory DCs, defined as CD11cþ BDCA1
BDCA3 .
Characterization of UVB-induced inflammatory DCs
As DCs in normal skin are generally immature DCs (Zaba
et al., 2009b), we were interested in evaluating the maturation
state of DCs after irradiation. Few CD11cþ cells coexpressed
the maturation marker DC-LAMP, whereas most BDCA1þ
cells coexpressed this marker (Figure 4a and b). To further
determine whether inflammatory DCs were present (Zaba
et al., 2010), CD11c was costained with inflammatory DC
markers tumor necrosis factor-a (TNF-a) (Figure 4c and d) and
TNF–related apoptosis-inducing ligand (TRAIL; Figure 4e
and f). In irradiated skin, there were many CD11cþ cells that
colocalized with TNF-a, and some that colocalized with
TRAIL compared with nonirradiated skin. These results suggest
that it is the BDCA1þ DCs that mature with irradiation, and
the CD11cþ inflammatory myeloid DCs induced by irradia-
tion are expressing markers seen in other states of inflamma-
tion such as psoriasis.
DISCUSSION
The acute response to erythemogenic doses of UVB is
epidermal damage, leading to apoptosis of KCs (‘‘sunburn
cells’’) and epidermal loss (blistering). There are molecular
changes associated with acute UV exposure, such as muta-
tions in p53 and ras, setting up the need for a protective
response to this histological and molecular cutaneous
damage. Our view is that the response of skin to high levels
of UVB must accomplish three goals: (1) repair damaged KCs,
(2) increase innate immune defenses, and (3) restore cuta-
neous homeostasis. Our study provides support for the acute
inflammatory effects of high-dose NB-UVB exposure with
expression of abundant inflammatory molecules, and altera-
tions in populations of DCs as the tissue tries to restore
homeostasis.
To our knowledge, there is only one other microarray study
that examines the acute effect of UVB on human skin in vivo
(Enk et al., 2004). Using the Affymetrix Human Focus
oligonucleotide array, that study found differential regulation
of approximately 800 genes after epidermal suction blisters
were obtained from normal human volunteers (n¼ 3),
24 hours after irradiation with four minimal erythemal doses
of broadband UVB. Our study differs from the Enk et al. report
in several ways: a lower dose of NB-UVB was given, full-
thickness skin was examined, and Affymetrix HG U133 plus
2.0 chips were studied. Almost twice as many gene transcripts
were detected in our study, most likely because of the
modern microarray chip, the inclusion of dermal tissue, and
increased statistical power from the study of more patients
(n¼ 10 vs. 3).
As KCs have been shown to upregulate innate immune
molecules during the early stages of wound healing
(Barrientos et al., 2008), UVB irradiation similarly upregulates
protective immune mechanisms. For instance, sunburn patients
rarely suffer from bacterial superinfections or secondary
impetiginization (Termorshuizen et al., 2002), and patients
with impetiginized atopic dermatitis can improve from UVB
without additional antibiotic treatment (Silva et al., 2006).
Our study provides evidence that NB-UVB provokes early
induction of innate immune mediators, such as the production
of cytokines and chemokines that serve as neutrophil che-
moattractants (IL-8, CXCL1, CXCL2, CXCL3) (Devalaraja
et al., 2000; Gillitzer and Goebeler, 2001) and monocyte/DC
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Figure 4. CD11cþ cells were immature and expressed inflammatory markers
tumor necrosis factor (TNF) and TNF–related apoptosis-inducing ligand
(TRAIL). (a) Representative IF showed occasional colocalization of CD11cþ
cells with maturation marker DC-LAMP in irradiated skin, and (b) many
BDCA-1þ cells expressed DC-LAMP after irradiation. UVB-irradiated skin had
increased colocalization of CD11c and (c, d) TNF and (e, f) TRAIL, compared
with nonirradiated skin. Bar¼ 100mm.
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chemoattractants (CCL20, CCL2) (Gillitzer et al., 1993; Dieu-
Nosjean et al., 1999; Kennedy-Crispin et al., 2012). This is
consistent with other studies. Microarray profiling of a number
of cytokines/chemokines that are known to activate KCs and
recruit neutrophils following acute epidermal injury were
increased in response to NB-UVB, including IL-8, CXCL1,
CXCL2, and CXCL3 (Barrientos et al., 2008). Chemokines
known to recruit immature DCs and T cells into the skin
including CCL2 and CCL20 (Dieu-Nosjean et al., 1999; Caux
et al., 2000) were also increased. Cytokines known to be
upregulated during acute epidermal injury and in response to
UVB irradiation included IL-6 and IL-1b (Barrientos et al.,
2008). Hence, UVB induces many chemokines and cytokines
that play roles in activating the innate immune system and
recruiting leukocytes to respond to the cutaneous injury.
AMPs are a conserved component of the innate immune
response that have potent antibiotic activity, as well as
immunomodulatory capabilities, by altering cytokine/chemo-
kine production and modulating DC and T-cell responses,
thereby playing a role in bridging innate and adaptive
immunity (Braff and Gallo, 2006; Gallo and Nakatsuji,
2011). Our studies showed that different AMPs appear to be
rapidly regulated, including AMPs that share chromosomal
localization at 1q21 as part of the epidermal differentiation
complex (EDC) (Marenholz et al., 2001). For example,
S100A7, S100A12, HBD-2, and elafin showed an increase
in mRNA expression and epidermal protein by 24 hours. In
contrast, neutrophilic S100A8/9 mRNA was upregulated after
24 hours, but protein was only expressed in dermal cells.
Other studies have shown that UVB upregulated AMPs
(S100A7, S100A8/9, S100A12, human beta-defensin 2, and
elafin), which can serve as both neutrophil and monocyte/DC
chemoattractants (Eckert et al., 2004; Schroder and Harder,
2006). AMPs provide direct protection against Gram-positive
and Gram-negative bacteria, mycobacteria, fungi, enveloped
viruses, and even actinically damaged cells (Conner et al.,
2002; Glaser et al., 2005; Lopez-Garcia et al., 2005; Gallo
and Nakatsuji, 2011). They also have immune-modulatory
activities such as chemotaxis of innate and adaptive immune
cells (Kerkhoff et al., 1999; Yang et al., 1999; Miranda et al.,
2001; Wolf et al., 2008; Yan et al., 2008). Prior in vivo studies
in humans have shown that UVB increases epidermal mRNA
and/or protein expression of S100A7, S100A8, and hBD-2 two
or more days following UVB (Glaser et al., 2009; Lee et al.,
2009). Overall, these results show that S100A7, S100A12, and
HBD-2 were prominent components of the acute epidermal
inflammatory response to UVB, but that S100A8/9 protein
expression by epidermal KCs is likely upregulated in later
stages of the UVB response, similar to chronic inflammatory
skin diseases such as psoriasis (Madsen et al., 1991; Broome
et al., 2003; Lee et al., 2009).
There was also a differential response of antigen-presenting
cells to acute NB-UVB. Prior studies have shown that, in
response to UVB, LCs and classic CD11cþ BDCA1þ dermal
DCs are depleted from the epidermis and dermis, whereas
there was concomitant expansion of HLA-DRþ CD11cþ
BDCA1 CD1a cells in the dermis (Meunier et al., 1995;
Kennedy-Crispin et al., 2012). We confirmed these findings
using in situ methods. Furthermore, after acute NB-UVB
irradiation, dermal CD11cþ cells were indeed consistent
with inflammatory DCs as they coexpressed TNF and TRAIL
and lacked the maturity marker DC-LAMP. In addition, there
was an increased population of BDCA3þ DCs, which have
not previously been identified in UV-irradiated skin. These
BDCA3þ DCs are considered to be analogous to mouse
CD8þ DCs, which have the ability to cross-present antigens
to CD8þ T cells (Guilliams et al., 2010).
In a recent publication by Chu et al. (2012), cutaneous
human BDCA3þ cells were shown to constitutively secrete IL-
10 and were able to induce regulatory T cells that suppressed
skin inflammation. This immunosuppressive capacity may
be an important immune mechanism for identifying and
eliminating UV-damaged cells, thus maintaining self-tole-
rance during this process. This immunoregulatory mechanism
could also be relevant to treatment of inflammatory skin
diseases with NB-UVB, although it would need to be
studied in diseased skin and with lower UVB doses that are
used in treatment. It has been shown that the mononuclear
cell infiltrate in UVB-irradiated murine skin secretes IL-10, and
is necessary for local immunosuppression to occur in mice
(Cooper et al., 1992; Hammerberg et al., 1994, 1996; Toichi
et al., 2008). This immunosuppression is also tightly linked
to the activity of regulatory T cells 48–72 hours following
exposure (Schwarz, 2008). In addition, Kang et al. (1994,
1998) have shown that the appearance of CD11bþ mono-
nuclear cells in the dermis and epidermis in UVB-irradiated
human skin parallels the timing and distribution of IL-10
secretion. With these recent findings, it will be important to
determine the role of BDCA3þ cells during chronic UV expo-
sure, to see whether they fulfill this immune-protective role.
We have defined the acute transcriptional response of
human skin to erythemogenic doses of UVB radiation, which
included a vast array of inflammatory molecules and immune
cell markers. Chemokines were elevated, and AMPs were
induced, including S100A7, S100A12, HBD-2, and elafin,
suggesting a high-level activation of innate immune mechan-
isms. We also showed that, although LCs and BDCA-1þ
resident DCs (DCs) were depleted by high levels of UVB
irradiation, several DC subtypes, including inflammatory
myeloid DCs and BDCA3þ DCs, infiltrated the dermis within
24 hours of an erythemogenic dose of UVB. These inflamma-
tory DCs are likely to contribute to inflammation, whereas the
BDCA-3þ DC responses may be involved in the longer-phase
homeostatic cutaneous response to UVB.
MATERIALS AND METHODS
NB-UVB irradiation
NB-UVB-treated skin and paired nonirradiated samples from a
previous study were used (Judson et al., 2010), under a Rockefeller
University IRB-approved protocol. Written informed consent was
obtained and the study was conducted in accordance with the
Declaration of Helsinki Principles. Biopsies were taken from sun-
protected sites, and the nonirradiated biopsy was adjacent to the irra-
diated biopsy, matched for site. The source of NB-UVB was Philips
TL-01 lamps (Somerset, NJ). The patients’ demographic details, sites
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of biopsies, and dosimetry are provided in Supplementary Table S1
online. Archived materials included whole-tissue RNA extracts and
cryostat sections of skin biopsies.
RNA extraction, quantification, and microarray
Total RNA was extracted using the RNeasy Micro Kit (Qiagen
Valencia, CA) according to the manufacturer’s protocol with on-
column Dnase digestion. The amount of RNA was assessed by
qRT-PCR for human acidic ribosomal protein using the 7900HT Fast
Real-Time PCR System (Applied Biosystems). The quality of extracted
RNA was examined using Agilent Bioanalyzer 2100 (Agilent
Technologies, Palo Alto, CA). RNA was hybridized to HG U133A
2.0 chips to measure relative gene expression.
Quantitative real-time reverse-transcriptase–PCR
qRT-PCR was performed using Taqman gene expression assays as
previously described (Chamian et al., 2005). A list of primers is
included in Supplementary Table S4 online. All data were analyzed
by the Applied Biosystems (Carlsbad, CA) PRISM 7700 software
(Sequence Detection Systems, ver. 1.7) and normalized to human
acidic ribosomal protein housekeeping gene.
Immunohistochemistry and immunofluorescence
Standard procedures were used for IHC and IF as previously
described (Zaba et al., 2009a). Frozen tissue sections of non-
irradiated and irradiated skin sections (n¼ 7–10) were stained with
CD11c, BDCA1, BDCA3, DC-LAMP, CD163, S100A7, S100A8/9,
S100A12, and HBD-2 (Supplementary Table S5 online), and the
signal was amplified with avidin–biotin complex (Vector Labora-
tories, Burlingame, CA) and developed using chromogen 3-amino-9-
ethylcarbazole (Sigma-Aldrich, St Louis, MO). The number of positive
cells per mm was counted manually per field using computer-assisted
image analysis (NIH Image 6.1; http://rsb.info.nih.gov/nih-image) as
previously described (Fuentes-Duculan et al., 2010).
IF images were acquired using the appropriate filters of a Zeiss
Axioplan 2 wide-field fluorescence microscope (Thornwood, NY)
with a Plan Neofluar 20 0.7 numerical aperture lens and a
Hamamatsu Orca Er-cooled charge-coupled device camera (Bridge-
water, NJ), controlled by the METAVUE software (MDS Analytical
Technologies, Downington, PA). Images in each figure are presented
both as single-color stains (green and red) located above the merged
image, so that localization of two markers on similar or different cells
can be appreciated. Cells that coexpress the two markers in a similar
location are yellow in color. A white line denotes the dermoepider-
mal junction. Dermal collagen fibers gave green autofluorescence,
and antibodies conjugated with a fluorochrome often gave back-
ground epidermal fluorescence.
Statistical analysis
Affymetrix (Santa Clara, CA) CEL files were scanned using
software packages Harshlight (Suarez-Farinas et al., 2005) and
arrayQualityMetrics from R/Bioconductor (www.bioconductor.org).
Expression values (in log2-scale) were obtained using the GCRMA
algorithm. Genes with expression higher than three in at least two
samples and standard deviation 40.05 were included in the
statistical analysis. To identify DEG, a moderated t-test was used in
the limma package framework. Resultant P-values were adjusted for
multiple hypotheses using the Benjamini–Hochberg procedure,
which controls for the false discovery rate. The data discussed in this
publication have been deposited in the National Center for Biotech-
nology Information’s Gene Expression Omnibus (GSE 41078).
Differential gene expression as measured by PCR was normalized
by human acidic ribosomal protein. Log-transformed PCR data and
cell counts were analyzed by two-tailed nonparametric paired test
(Wilcoxon’s signed rank test) using the GraphPad Prism software
(La Jolla, CA), and Po0.05 was considered significant. IPA (Ingenuity
Systems, Redwood City, CA) was used to identify the Pathways
enriched in the DEG lists.
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